Single progenitors can give rise to any and all of the main retinal cell types: photoreceptors, interneurons (horizontal, bipolar, and amacrine cells), retinal ganglion cells (RGCs), and glia. Many of these types are divisible into multiple functionally, structurally, and molecularly distinct subtypes (e.g., ∼25 for RGCs). It remains unknown when and how progenitors become committed to generate such subtypes. Here, we determine the origin of RGCs that respond selectively to vertical motion and express cadherin 6 (cdh6). Using Cre recombinase-based lineage tracing, we show that these RGCs arise from progenitors that themselves express cdh6. These progenitors are capable of generating all major retinal cell types, but the RGCs they generate are predominantly of the single direction-selective subtype. In contrast, cdh6-positive progenitors retain the ability to generate multiple subtypes of amacrine and bipolar cells. Our results demonstrate that type and subtype specification are regulated in different ways and suggest that multipotential but fate-restricted progenitors contribute to subtype specification in retina.
Single progenitors can give rise to any and all of the main retinal cell types: photoreceptors, interneurons (horizontal, bipolar, and amacrine cells), retinal ganglion cells (RGCs), and glia. Many of these types are divisible into multiple functionally, structurally, and molecularly distinct subtypes (e.g., ∼25 for RGCs). It remains unknown when and how progenitors become committed to generate such subtypes. Here, we determine the origin of RGCs that respond selectively to vertical motion and express cadherin 6 (cdh6). Using Cre recombinase-based lineage tracing, we show that these RGCs arise from progenitors that themselves express cdh6. These progenitors are capable of generating all major retinal cell types, but the RGCs they generate are predominantly of the single direction-selective subtype. In contrast, cdh6-positive progenitors retain the ability to generate multiple subtypes of amacrine and bipolar cells. Our results demonstrate that type and subtype specification are regulated in different ways and suggest that multipotential but fate-restricted progenitors contribute to subtype specification in retina.
A key question in developmental neuroscience is how neuroepithelial cells give rise to the hundreds of neuronal and glial cell types that comprise the adult nervous system. To what extent are progenitors initially uniform and multipotential? At what points and by what mechanisms do their fates become restricted and their progeny become specified? Are all cell fate choices determined by transcriptional codes and extrinsic factors, or are some stochastic? The retina has been widely used to study these issues (1) (2) (3) (4) (5) .
Retinal cell types are born (i.e., become irreversibly postmitotic) in distinct albeit overlapping intervals, beginning with retinal ganglion cells (RGCs), followed by cone photoreceptors, horizontal cells, and amacrine cells, and ending with bipolar cells, rod photoreceptors, and Müller glia (1, 4) . Pioneering studies in rodents and Xenopus demonstrated that single early progenitors give rise to clones that can contain any of these cell types (6) (7) (8) . At later stages, progenitors appear restricted in that they give rise to clones containing only later-born retinal cell types (9, 10) . Heterochronic transplantation and coculture studies indicate that the restrictions are largely intrinsic: progenitors placed in a novel environment give rise to the same cell types they would have generated if left undisturbed, rather than to those being generated by their new neighbors (4, (11) (12) (13) . These and other observations led to the idea that progenitors go through a series of "competence states" in which they lose and gain abilities to generate particular cell types. The changing competence of progenitors, along with changes in their environment, act together to generate the full set of retinal cells as development proceeds (3, 4) . This influential "competence model" may also apply to other regions of the central nervous system and to invertebrates (14) (15) (16) .
Subsequent to the initial lineage studies, several groups used molecular methods to show that retinal progenitors are heterogeneous. For example, subsets of retinal progenitors express transcription factors such as basic helix loop helix proteins Atoh1 (Math1), Atoh7 (Math5), Olig2, AsclI (Mash1), or Ngn2 (17) (18) (19) (20) . Marking and lineage-tracing methods have been used to show that some of these subsets are restricted in their competence; for example, AsclI-positive progenitors generate few RGCs, whereas Olig2-positive embryonic progenitors give rise preferentially to cones and horizontal cells (17, 19) . In addition, transcriptional profiling has revealed substantial heterogeneity among progenitors (21) . These findings augment but do not fundamentally alter the competence model, in that the restricted progenitors identified appear to be "intermediate progenitors" derived from progenitors that can give rise to all retinal cell types. The properties of the earliest "totipotential" progenitors and the extent of their heterogeneity remain undetermined.
It is now apparent that most major retinal cell types can be divided into multiple subtypes (e.g., >30 amacrine and ∼25 RGC subtypes) (5) . Most studies of retinal lineage were performed before markers were available for subtypes, so little is known about their origin. Here, we reexamined this issue with respect to RGCs. We recently generated several mouse lines that allow marking of specific RGC subsets (22) (23) (24) . Among them are two that also permit Cre recombinase-based lineage tracing. One marks ON-OFF RGCs that express the adhesion molecule cadherin 6 (cdh6) and respond selectively to either upward or downward motion (22) . The other marks OFF RGCs that express junctional adhesion molecule B (JAM-B) and respond selectively to upward motion (24) . Using these lines, we show that both Cdh6-and JAM-Bpositive RGCs are specified early in development. Moreover, Cdh6-positive RGCs arise from progenitors that themselves express cdh6. These progenitors are capable of generating all major retinal cell classes, but the RGCs they generate are predominantly the direction-selective RGCs that express cdh6 in adulthood. These results provide insight into both the specification of retinal subtypes and the properties of the earliest progenitors that give rise to the neural retina.
Results
Multiple RGC Subtypes Are Born During the Same Interval. We began by asking whether RGC subtypes arise at distinct times, which would be expected if the competence model (3) applied to them. To this end, we used markers that label three nonoverlapping subsets of RGCs: ON-OFF direction-selective RGCs (ooDSGCs) express the neuropeptide CART (22) , OFF direction-selective RGCs express the transmembrane adhesion molecule JAMB (24) , and large α-type RGCs are rich in nonphosphorylated neurofilament heavy chains (SMI32) (25) . We used antibodies to label the ooDSGCs and α-RGCs and a transgenic line described below to label the OFF direction-selective cells. We also used antiosteopontin to label a set of large RGCs that partially overlaps the dephosphorylated neurofilament-positive group (26) and Brn3a to label RGCs broadly (∼80% of RGCs, comprising To whom correspondence should be addressed. E-mail: sanesj@mcb.harvard.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1215806109/-/DCSupplemental. numerous subclasses; 27). Bromodeoxyuridine (BrdU) was administered to pregnant females at embryonic days (E) 8, 10, 12, 14, or 17 to label cells undergoing their final division; at postnatal day (P) 14, after all cells had acquired their type-specific markers, we determined the fraction of BrdU-positive RGCs in each class. All RGC subtypes assayed were born in the same interval, which corresponded to the interval determined with a marker of most RGCs (Brn3a) (Fig. 1) . Thus, birth date does not predict RGC subtype identity.
ON-OFF Direction-Selective RGCs Are Specified in Embryos. Next, we asked whether subtypes might be specified late in retinal development, perhaps as a result of synaptic interactions. To this end, we focused on RGCs that express cdh6. This gene is selectively expressed by a subset of ooDSGCs comprising ∼8% of all RGCs (22) . ooDSGCs can be recognized by their bistratified dendritic arbors that costratify with cholinergic starburst amacrine cells in two sublaminae of the inner plexiform layer (22) and, as noted above, by their expression of CART. No other bistratified RGCs have been described that costratify with starburst amacrines (28) , and all CART-positive RGCs are ooDSGCs (22) .
To ask when cdh6-expressing ooDSGCs become specified, we used a mouse line in which tamoxifen-activated Cre recombinase (CreER) was inserted into the cdh6 locus (22) . Administration of tamoxifen to Cdh6-CreER mice bearing a Cre-dependent reporter (STOP-YFP; 29) indelibly marks cells expressing CreER within ∼1 d following administration (30) . When tamoxifen is delivered to neonates, and mice are examined >3 wk later, >95% of labeled RGCs are ooDSGCs (22) . We administered tamoxifen at E10 or E12, during the peak of RGC birth, or at E14, when most RGCs have been born (Fig. 1) . In all cases, ∼80% of labeled RGCs were ooDSGCs as judged by either of two criteria: bistratified dendrites that costratified with processes of starburst amacrine cells ( Fig. 2 A and B) and expression of CART ( Fig. 2 C and D). Thus, ooDSGCs are specified at, or shortly after, their birth, before they receive or form synapses, and before most other retinal cell types are generated.
Although most cdh6-positive RGCs are ooDSGCs, only ∼50% of ooDSGCs are cdh6-positive (22) . Physiological studies have revealed the existence of four ooDSGC subsets, responsive to upward, downward, nasal, and temporal motion (31) . These subsets are morphologically similar but molecularly distinct: cdh6 is expressed primarily by ooDSGCs selective for vertical motion, whereas ooDSGCs sensitive to temporal motion express MMP17 (22) . We therefore used MMP17 to determine whether cdh6 is initially expressed by ooDSGCs that eventually acquire sensitivity to all or only to some directions of motion. Fewer than 10% of YFP-positive RGCs labeled by administration of tamoxifen at either E10 or P0 were MMP17-positive ( Fig. 2 E and F), indicating that not only the morphology of RGCs but also their precise physiological properties are specified early in development.
J-RGCs Are Specified in Embryos. To ask whether early specification is a peculiar feature of cdh6-positive ooDSGCs, we repeated these experiments targeting RGCs that express JAM-B. This gene marks a small subset of RGCs called J-RGCs (∼4% of all RGCs) that can be identified by markedly asymmetric dendritic arbors confined to the outermost edge of the inner plexiform layer (24) . We previously generated a JAM-B-CreER line that marks J-RGCs (24) . We crossed this line to the STOP-YFP Credependent reporter described above and administered tamoxifen to pregnant females at E10 or E12. More than 70% of labeled RGCs were J-RGCs following administration of tamoxifen to JAM-B-CreER;STOP-YFP mice at E10 or E12, judged either by sublaminar stratification of dendrites viewed in sections or asymmetric dendritic arbors viewed in whole mounts (Fig. 3 ). This is ∼20-fold more than would be expected by chance. Thus, early subtype specification may be a general feature of RGC development.
Direction-Selective cdh6-Positive RGCs Arise from Committed Progenitors. In Cdh6-CreER;STOP-YFP mice that had been administered tamoxifen at E10 or E12 (but not in JAM-B-CreER;STOP- YFP mice), we observed that some labeled RGCs were closely associated with labeled interneurons (Fig. S1 ). Staining with CART demonstrated that >70% of these RGCs were ooDSGCs (Fig. 4A) . Because the STOP-YFP line is unable to mark photoreceptors, Müller glia, and many interneurons, we repeated the analysis using another Cre-dependent reporter called Ai14 that is capable of marking all retinal cell types (32) . Administration of tamoxifen to Cdh6-CreER;Ai14 mice at E10 or E12 led to labeling of radial clusters that spanned the entire retina and contained photoreceptors (cells in the outer nuclear layer) and interneurons (cells in the inner nuclear layer) as well as cells in the ganglion cell layer (Fig. 4B) . More than 70% of the RGCs in these clusters (identified by immunostaining with the RGC marker Brn3a) were positive for CART, which is expressed by ooDSGCs. Thus, RGCs in labeled clusters are predominantly ooDSGCs.
Together, these results raised the possibility that ooDSGCs are generated by multipotential progenitors, capable of giving rise to many retinal cell types but specified as to the RGC subtype they produce. To test this idea, we performed three further experiments. First, we asked whether the clusters of labeled cells are in fact clones. We used a test initially used to analyze clusters of retrovirally marked cells in retina and optic tectum (7, 33) . If the clusters were clones, the number of cells per cluster would not vary among retinas bearing different numbers of clusters following infection with different amounts of retrovirus. In contrast, if clusters comprised groups of clonally unrelated cells labeled separately, both the number of clusters and the average number of cells per cluster should vary with viral titer. Here, we similarly asked whether cluster number or size varied with the tamoxifen dose. Cluster number varied with the tamoxifen dose but cluster size did not, indicating that most clusters were clones (Fig. 5 and Fig. S2) .
Second, we asked whether cdh6 is expressed by retinal progenitors. In situ hybridization showed that cells in the neuroblast layer, which contains mitotically active progenitors, expressed cdh6 at E10 and E12 (Fig. S3) . Although the small size of the cells and the low levels of cdh6 made it infeasible to count cdh6-positive cells, it was apparent that only a subset of cells expressed detectable levels of cdh6, as expected if cdh6 marks a defined subset of progenitors. Only a few cells were cdh6-positive in the region of postmitotic cells internal to the neuroblast layer; we presume that these are newborn ooDSGCs. Third, we asked whether we could label ooDSGC-containing clones by activating CreER at E8, as the optic vesicle forms (34) and before any RGCs are born (Fig. 1B) . Activation at E8 led to labeling of large clones (Fig. 4C) but few isolated cells. At least 70% of the RGCs in these clones were ooDSGCs as indicated by staining with antibodies to CART and Brn3a (Fig. 4 A and D) . Together, these results indicate that at least one RGC subtype is generated by committed but multipotential progenitors. In contrast, no cells were labeled following CreER activation at E7, before formation of the retina. This result is consistent with the idea that commitment occurs as the retina forms.
Clonal Relatives of Direction-Selective RGCs. To determine the identity of cells in the clones that arose from cdh6-positive progenitors, we labeled them with cell type-specific markers (35, 36) . Although it was not feasible to assess the full composition of individual clones, it was clear that at least some contained amacrine cells (syntaxin-1-positive), bipolar cells (Chx10-positive), horizontal cells (calbindin-positive cells at the outer margin of the inner nuclear layer), and Müller glia (Sox9-positive) as well as RGCs (Fig. S4) . Most clones also contained cells in the outer nuclear layer (Fig. 4) , which is composed entirely of rod and cone photoreceptors. Thus, cdh6-positive progenitors can give rise to all of the major retinal cell types.
Finally, we asked whether the amacrine and bipolar cells derived from cdh6-positive progenitors were of specific subtypes. In the cortex, clonal relatives are often synaptic partners (37) . In the retina, starburst amacrine cells provide a major input to ooDSGCs, but to few other RGC subtypes (5, 31). We therefore asked whether ooDSGCs-containing clones included a disproportionate number of starburst amacrines. The fraction of starburst amacrines (choline acetyltransferase-positive) among all amacrines (syntaxin-positive) in clones was the same as the fraction in the retina generally (Fig. 6 A and D) . Moreover, the distribution of the major amacrine classes (glycinergic, GABAergic and neither glycinergic nor GABAergic) in clones reflected their proportion in the whole retina (38) (Fig. 6 B-D) . Likewise, two bipolar subsets, Types 1+2 and rod (36) , were both present in clones (Fig. S5) , even through rod bipolars provide no direct input to ooDSGCs. Thus, Cdh6-positive progenitors are biased to generate a specific RGC subtype but can give rise to many and perhaps all interneuronal subtypes.
Discussion
We have identified a unique class of progenitor cell that can give rise to all of the main retinal cell types but is strongly biased toward generating a particular RGC subtype: ooDSGCs that respond preferentially to vertical motion and express cdh6. These progenitors differ from previously described restricted retinal progenitors (17, 19, 39, 40) , which are biased toward generation of specific cell types; in none of these cases has the range of subtypes present in cloned been analyzed. Although completely consistent with previous results on retinal lineage (1-10), our observations suggest that early retinal progenitors are molecularly heterogeneous and committed to extents that had not been appreciated.
In considering how RGCs become diversified into ∼25 subtypes, we first asked whether they arise at distinct times, and might therefore be determined by the changing competence of their progenitors, as is the case for the main retinal types, and for distinct neuronal populations in other systems, including cerebral cortex and Drosophila motor neurons (4, (14) (15) (16) . In fact, no significant differences were observed among the RGC subtypes we assayed. We then asked whether RGCs might acquire subtype-specific properties late in development. If this were the case, they might be shaped by synaptic partners or patterns of activity, as is the case for diversification of slow and fast muscle fiber subtypes or cholinergic and adrenergic sympathetic neuronal subtypes (41, 42) . However, Cdh6-RGCs and J-RGCs are specified at or soon after the time they are born and, for Cdh6-RGCs, specification clearly occurs at the progenitor stage. Thus, specification of at least some RGC subtypes may result from differences among their progenitors.
An important unanswered question is when progenitors become specified to generate cdh6-positive RGCs. At one extreme, expression of cdh6 might commence only shortly before the RGC is born, in which case progenitors might be uniform and unspecified until around the time of the mitosis that generates the cdh6-positive RGC. At the other extreme, specification could occur two or more cell divisions before the RGCs themselves are born. Further lineage analysis may be helpful in distinguishing these alternatives. For example, if specification occurs early, some clones marked in the Cdh6-CreER line would be expected to contain multiple cdh6-positive RGCs but few, if any, cdh6-negative RGCs.
In contrast to the RGC subtype we describe, other retinal subtypes may be specified at later stages. For example, recent studies have shown that amacrine subtypes arise at distinct times, as predicted by the competence model (38, 43) , and that further distinctions among them may result from postmitotic fate choices (44) . Similarly, analysis of clones containing late-born retinal cell types (rods, amacrines, bipolars, and Müller glia) indicates that stochastic mechanisms acting on a homogeneous population of progenitors can account for the much of the diversity observed (1, 45) . The observation that cdh6-positive progenitors produce multiple subtypes of bipolar and amacrine cells could also be explained by stochastic mechanisms acting to produce the diversity of later-born cell types.
In view of this difference, it is interesting to consider why RGC subtypes might be specified by a deterministic mechanism acting at the progenitor stage. The difference may reflect the fact that RGCs are the sole "output" neurons of the retina. Specification at the progenitor stage may ensure that that these feature detectors, which send ∼25 channels of visual information to the brain, are present in correct proportions and properly distributed through the visual field. Moreover, RGCs are the first-born retinal neurons; once they are specified, they can participate in organizing the cells and circuits that endow them with their subtype-specific functions.
Finally, it is important to consider whether other RGC subtypes also arise from committed progenitors. The two RGC subsets we have analyzed here, Cdh6-RGCs and J-RGCs, are both direction-selective cells that respond preferentially to vertical motion. This merely reflects the fact that Cdh6-CreER and JAM-B-CreER lines were the only two available to us that were suitable for these experiments, but we cannot rule out the possibility that RGC subsets with different preferences arise by other mechanisms. In addition, of these two lines, only Cdh6-CreER marked early progenitors. We note, however, that the JAM-B-CreER line was generated from a genomic fragment (24) and may therefore contain only some of the regulatory elements associated with the JAMB gene; the Cdh6-CreER line is a knockin (22) that preserves the entire genomic region.
Taken together, our results lead to the speculation that the retina may arise from a mosaic of totipotential progenitors, each committed to generating one or a few RGC subtypes (Fig. S6) . Comparing cdh6-positive and -negative progenitors may provide insights into the mechanisms by which the earliest progenitor populations acquire their distinct properties.
Materials and Methods
Animals. Cadherin 6-CreER (Cdh6-CreER) and JAM-B-CreER mice were generated as described previously (22, 24) and maintained on a C57/B6 background. Briefly, tamoxifen-responsive Cre recombinase (CreER) cDNA was inserted at the initiation codon of the cdh6 gene by homologous recombination in embryonic stem cells. The JAM-B-CreER transgene was generated from a bacterial artificial chromosome by insertion of CreER cDNA at the initiation codon of the JAM-B gene. Cdh6-CreER heterozygote knock-in mice and JamB-CreER transgenic mice were crossed to reporter mouse lines that express a fluorescent protein following Cre-mediated excision of a stop signal. The reporter mouse lines used were Thy1-lox-STOP-lox-YFP line 15 (STOP-YFP; ref. 30) , in which YFP expression is controlled by regulatory elements from the thy1 gene, and Ai14 (ref. 32 ; obtained from The Jackson Laboratory), in which tdTomato expression is controlled by the CAG promoter/enhancer inserted into the Rosa26 locus (17) . All matings were timed; the presence of a vaginal plug marked embryonic day (E) 0.
BrdU birth dating was performed as described in ref. 38 . Both CD-1 and C57/B6 mice were used in these studies, and no significant difference was detected between birthdays of RGC subsets in the two strains. To activate CreER, tamoxifen (Sigma; 20 mg/mL in sterile sunflower oil, dissolved by sonication) was administered by s.c. injection at P0 or to pregnant females by gavage. Except as otherwise indicated, doses were as follow: E8, 1 mg; E10, 2 mg; E12, 4 mg; E14, 4 mg; P0, 50 μg/g body weight. For tamoxifen administration to embryos, male double heterozygotes (JAM-B-CreER or Cdh6CreER; STOP-YFP or Ai14) were crossed to wild-type CD-1 females (Charles River Laboratories). CD-1 females were used because, in our experience, tamoxifen administration to pregnant C57/B6 females interferes with their ability to give birth. All animal procedures were approved by the Animal Care and Use Program at Harvard University and were in compliance with federal guidelines.
Tissue Processing and Immunohistochemistry. Mice were killed at postnatal day (P) 14 (for birth dating) or P21-P60 (for all other experiments) by an overdose of pentobarbital and eyes were collected. Retinas were removed from the eye cup, fixed in 4% (vol/vol) paraformaldehyde (PFA) in PBS for 1 h on ice, cryoprotected in 30% sucrose/PBS for 1 h on ice, frozen, and sectioned at 20 μm in a cryostat. Sections were rinsed in PBS and incubated successively in blocking solution (3% donkey serum/0.5% Triton X-100/PBS) for 1 h at room temperature, and primary antibodies overnight at 4°C. For BrdU immunostaining sections were preincubated in 2 M HCl for antigen retrieval (38) , then processed as above. For whole mounts, retinas were incubated in blocking solution for 2 h followed by incubation with primary antibodies for 3 d at 4°C. All tissues were washed in PBS, incubated with Alexa-conjugated secondary antibodies in blocking solution for 2 h at room temperature, washed with PBS, mounted on Superfrost Plus slides (Fisher) and coverslipped with Vectashield (Vector Laboratories).
Antibodies. Primary antibodies used were rat anti-BrdU (1:200; BU1/75; Accurate), rabbit anti-CART (1:2,000; H-003-62; Phoenix Pharmaceuticals), mouse monoclonal anti-Brn3a (1:500; MAB1585; Chemicon), goat antiOsteopontin (1:1,000; AF808; R&D Systems), mouse anti-neurofilaments (1:1,000; SMI-32P; Covance), rabbit anti-GFP (1:1,000; AB3080P; Chemicon), chicken anti-GFP (1:1,000; GFP-1020; Aves Laboratories), rabbit anti-DsRed (1:1,000; 632496; Clontech), goat anti-choline acetyltransferase (1:200; AB144P; Chemicon), goat anti-vesicular acetylcholine transporter (1:1,000; G488A; Promega), rabbit anti-glutamate decarboxylase 65/67 (1:1,000; AB1511; Chemicon), goat anti-glycine transporter 1 (1:5,000; AB1770; Chemicon), mouse monoclonal anti-syntaxin-1 (1:500; S0664; Sigma), goat anti-Chx10 (1:300; 21690; Santa Cruz), rabbit anti-Calbindin (1:4,000; CB38a; Swant), rabbit anti-Sox9 (1:1,000; AB5585; Chemicon), rabbit anti-neurokinin receptor 3 (1:5,000; 480739; Calbiochem), and mouse monoclonal anti-protein kinase C (1:500; MC5; ABCAM). Secondary antibodies conjugated to Alexa Fluor 488, 568, or 647 (Invitrogen) were diluted 1:500. Neurotrace 435/455 (Invitrogen) was used as a nuclear counterstain where indicated. Immunostaining patterns obtained with these antibodies in mouse retina are detailed in refs. 22, 25-27, 35 and 38. In Situ Hybridization. Timed-pregnant female mice were killed and embryos were fixed in 4% PFA in PBS at 4°C overnight then incubated for 24 h in 30% sucrose in PBS for cryoprotection, flash-frozen, and stored at −80°C before sectioning. Retina sections (20 μm) were mounted on Superfrost Plus slides (Fisher). Riboprobes for cdh6 were generated and sections were prepared and hybridized at 65°C as previously described (22) . Probes were detected using anti-digoxigenin antibodies conjugated to alkaline phosphotase, followed by reaction with BCIP (5-bromo-4-chloro-3-indolyl phosphate) NBT (nitro blue tretrazolium) substrate for 24 h.
Imaging and Analysis. Samples were imaged using either a Zeiss Axio Plan 2 microscope (for in situ hybridization) or an Olympus FV1000 confocal microscope with 440, 488-515, 568, and 647 lasers with a step size of 1 μm. Images were analyzed using Imaris software.
Birth dating analysis was performed as described previously (38) . Briefly, retinal sections were immunostained with antibodies against markers of interest and BrdU, and the percentage of marker-positive RGCs that were also positive for BrdU was determined for each time point. BrdU-positive nuclei indicated cells undergoing their last S-phase during the time BrdU was available (2-3 h following injection) (46) . The significance of differences among subtypes at each time point was tested by Student t test for means, performed on the raw data as well as on the cumulative values.
To determine what fraction of the RGCs found in the clones marked at E8, E10, or E12 in the Cdh6-CreER;reporter retina were ON-OFF DSGCs, it was necessary to distinguish RGCs from displaced amacrine cells in the ganglion cell layer. RGCs found in clones were distinguished from displaced amacrines by immunostaining for the marker Brn3a, and the ooDSGCs were identified by coimmunostaining with CART. The percentage of ooDSGCs in clones was calculated as the fraction of Brn3a+ cells that were also CART+.
Clonal analysis was based on the dilution method described in refs. 7 and 33. In the central retina, clusters within a 500-μm radius from the optic nerve head were imaged, whereas in the peripheral retina, clusters within ∼500 μm from the ora serrata were imaged.
